Cardiac glycosides (e.g., digoxin, digitoxin) constitute a diverse family of plant-derived sodium pump inhibitors that have been in clinical use for the treatment of heart-related diseases (congestive heart failure, atrial arrhythmia) for many years. Recently though, accumulating in vitro and in vivo evidence highlight potential anticancer properties of these compounds. Despite the fact that members of this family have advanced to clinical trial testing in cancer therapeutics, their cytotoxic mechanism is not yet elucidated. In this study, we investigated the cytotoxic properties of cardiac glycosides against a panel of pancreatic cancer cell lines, explored their apoptotic mechanism, and characterized the kinetics of cell death induced by these drugs. Furthermore, we deployed a high-throughput kinome screening approach and identified several kinases of the Na-K-ATPase-mediated signal transduction circuitry (epidermal growth factor receptor, Src, pkC, and mitogen-activated protein kinases) as important mediators downstream of cardiac glycoside cytotoxic action. To further extend our knowledge on their mode of action, we used mass-spectrometry-based quantitative proteomics (stable isotope labeling of amino acids in cell culture) coupled with bioinformatics to capture large-scale protein perturbations induced by a physiological dose of digitoxin in BxPC-3 pancreatic cancer cells and identified members of the interferon family as key regulators of the main protein/protein interactions downstream of digitoxin action. Hence, our findings provide more in-depth information regarding the molecular mechanisms underlying cardiac glycoside-induced cytotoxicity. Mol Cancer Ther; 10(11); 2083-93. Ó2011 AACR.
Introduction
Cardiac glycosides constitute a diverse family of naturally derived compounds, widely known for their ability to bind to, and inhibit, the sodium pump. For many years, members of this family (digoxin, digitoxin) have been in clinical use for the treatment of heart failure and atrial arrhythmia (1) . However, some early epidemiologic studies, describing significantly lower growth potential of tumors on patients on digitalis treatment, sparked new interest in the anticancer properties of these drugs (2) .
Numerous subsequent in vitro studies revealed an increased susceptibility of cancer cells to the effects of these compounds. It is now well showed that low doses of cardiac glycosides may activate downstream proapoptotic pathways in several cancer cell lines, without any profound effect in normal cells (3, 4) . A plethora of mechanisms has been recently proposed to account for this preferential cytotoxicity in cancer cells, including inhibition of glycolysis, cancer-specific overexpression of sodium pump subunits and inhibition of N-glycan expression (5) (6) (7) . Moreover, the successful outcomes of recent in vivo studies have channeled several members of this family into clinical trials for cancer therapies (8) .
At the mechanistic level, many different pathways have been suggested to be associated with the cytotoxic action of these drugs including calcium-dependent activation of caspases and other hydrolytic enzymes, generation of reactive oxygen species (ROS), topoisomerase inhibition, interference with signal transduction pathways, induction of the cell-cycle inhibitor p21
Cip1 and inhibition of hypoxia-inducible factor1a synthesis (1) . Consequently, these compounds may produce a broad spectrum of cellular responses eventually leading to cell death.
In this study, we attempted to provide a better insight into the cardiac glycoside cytotoxic mode of action. To achieve this, we deployed a systems biology approach by integrating in vitro functional assays, targeted highthroughput approaches (kinome-screen), mass-spectrometry-based quantitative proteomics [stable isotope labeling of amino acids in cell culture (SILAC)], and bioinformatics (pathway analyses). As a model, we opted to focus our investigations on the effects of cardiac glycosides against a panel of pancreatic cancer cell lines, because pancreatic cancer represents the most lethal and one of the most difficult cancer type to treat with existing chemotherapeutic treatments. Our findings verify previous reports that cardiac glycosides induce apoptosis in cancer cells and additionally provide more in-depth information regarding the pathways and the key mediators downstream of cardiac glycoside action.
Materials and Methods

Cell lines
The pancreatic cancer cell lines MiaPaCa-2, BxPC-3, Panc-1, Capan-1, Su.86.86, and CFPAC-1, were obtained from the American Type Culture Collection and were cultured in their recommended media. All experiments were conducted with mycoplasma-free cell lines, all within the first 5 passages from the initiation of their cultures.
Drugs and chemical library
The targeted kinome library was provided by the Ontario Institute for Cancer Research through the Samuel Lunenfeld Research Institute's High Throughput Screening Robotics Facility, Mount Sinai Hospital, Toronto, ON, Canada. The cardiac glycosides bufalin, convallatoxin, cymarin, dixitoxigenin, digitoxin, digoxin, ouabain, peruvoside, and proscillaridin were all obtained from Sigma Chemical Co. Gemcitabine hydrochloride was purchased from Sigma-Aldrich. The Alamar Blue reagent was purchased from Invitrogen. Annexin V-fluorescein isothiocyanate and the binding buffer were purchased from Immunotech (Coulter). The benzyloxycarbonyl-ValAla-Asp(OMe)-fluoromethylketone(Z-VAD-FMK) pancaspase peptide inhibitor was purchased by Tocris Bioscience. RapiGest (a surfactant reagent used to enhance enzymatic digestion of proteins) was obtained from Waters Inc.
Cell viability assays
Lactate dehydrogenase cytotoxicity assay. Measurement of lactate dehydrogenase in the conditioned media of drug-treated cells was done as previously described (9) .
Metabolic activity assay (Alamar Blue assay). Alamar blue is a stable, soluble, and nontoxic agent that monitors the innate metabolic activity of the cells, rendering it suitable for cell viability assessment. It consists of an oxidation-reduction indicator that yields a colorimetric change and a fluorescent signal in response to a metabolic activity. Cell lines were cultured at 37 C, 5% CO 2 in their recommended medium supplemented with 10% FBS and 1% penicillin/streptomycin. First, cells were optimized for different parameters including, cell density, culture media selection, and duration of the assay, to minimize cell death. Cells were then trypsinized and transferred into 96-well plates (50,000 cells/well in a final volume of 200 mL/well) for 16 hours at 37 C and 95% humidity to allow for adherence. In a fully automated fashion, 10 different doses of cardiac glycosides, ranging from 1 mmol/L to 0.5 nmol/L [in 0.5% dimethyl sulfoxide (DMSO)], were dispensed to the wells and 48 hours later cells were washed twice with PBS before the addition of Alamar Blue solution (10% v/v in PBS). After 4-hour incubation, fluorescence was measured with a fluorescence spectrophotometer using 560EX nm/590EM nm filter setting and half-maximum inhibition of cell viability (IC 50 ) values were calculated for all tested cardiac glycosides.
Cell apoptosis assay (Annexin-V flow cytometric analysis). One of the most established hallmarks of apoptosis is exposure of phosphatidyl-serine to the cell surface. For the measurement of phosphatidyl-serine exposure, the Annexin-V-FITC method was used. Briefly, cells were cultured in 6-well plates (10 6 cells/well) to 75% confluency and treated with increasing doses of cardiac glycosides. Cells were shortly trypsinized and resuspended in Annexin buffer (0.1 M HEPES, pH 7.4; 1.4 M NaCl; 25 mmol/L CaCl 2 ). FITC-conjugated Annexin (20 mg/mL) was added to the cells and tubes were incubated for 10 minutes in the dark. After addition of an equal volume of cold-binding buffer, flow cytometric analysis was done in the FACS Calibur flow cytometry system (Becton-Dickinson). As an extra validation, the benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (Z-VAD-FMK) pan-capsase peptide inhibitor was used to check whether caspases exhibit a major role in in cardiac glycoside-induced apoptosis.
Real-time monitoring of cell adhesion assay (xCelligence assay). Detachment of adhering cells is another hallmark of cell death. To quantitatively monitor the viability status of cancer cells upon treatment with different doses of cardiac glycosides, we used the Real-Time Cell Analyzer Single Plate (RTCA SP) under the xCelligence name (Roche Applied Science and ACEA Biosciences), as previously described (10, 11) . Briefly, BxPC3, Mia-Paca2 and Panc1 pancreatic cancer cells were seeded in their optimal densities in the wells of special 96-well tissue culture plates (E-Plate96) covered with electrodes and gold sensor arrays and were treated with 10 different doses of digitoxin, digoxin, peruvoside, and gemcitabine (the established chemotherapy for pancreatic cancer). During the assay, a (nontoxic) 20 mV voltage was applied to the electrodes and kinetic monitoring of cell death was based on real-time measurements (1 value every 2 minutes) of electrical impedance across the interdigitated micro-electrodes. The impedence measured in each well correlated with the number of attached (viable) cells to it (attached cell act as insulators of electric current). The RTCA software statistic analysis was used to generate dose-and time-dependent logIC 50 values for all tested cardiac glycosides according to the manufacturer's instructions (10) .
Kinome high-throughput screening assays. BxPC3 pancreatic cancer cells were seeded to 384-well culture plates at a density of 4,000 cells/well and were treated in duplicates first, with the kinome library alone and second, with the kinome library followed by digitoxin treatment (500 nmol/L). In both cases, kinase inhibitors were added 12 hours before digitoxin (or DMSO) treatment.
Cell viability values were obtained 48-hour post digitoxin (or DMSO) treatment. As "rescuing" kinase inhibitors, we considered all those inhibitors the presence of which resulted in a significant decrease in the cytotoxic potency of digitoxin. In particular, we arbitrarily picked a threshold of 50% cell viability and looked for kinase inhibitors, that in duplicate measurements prevented more than half of cells from dying upon treatment with an IC 90 (500 nmol/L) dose of digitoxin. Data capture, storage, and analysis were done by a biostatistician. Quality and robustness of the synergistic screens was evaluated using biochemical checkpoints such as dynamic range, variability, and 'hit' rate, whose scores were incorporated in the Z factor, a well-established statistical parameter routinely used in high-throughput screening programs (12) .
SILAC analysis
Metabolic labeling and experimental setup. BxPC3 cells were seeded at low confluency ($25%) in 2 T25 flasks and the cells in each flask were metabolically labeled with either heavy {Arg(þ6), Lys(þ8)} or light SILAC conditioned media (Dulbecco's Modified Eagle's Medium 10% dialyzed FBS), as previously described (13). Labeled BxPC3 cells were then detached (using a nonenzymatic cell dissociation buffer) and placed in new T25 flasks, in duplicates. Cells were left overnight to adhere and proliferate and were washed twice with PBS before treated with either 30 nmol/L digitoxin (heavy-labeled flasks) or DMSO (light-labeled flasks), for 48 hours. After the termination of the experiment, cells were washed twice with PBS, centrifuged at 1,500 g for 5 minutes and supernatants were discarded. Cell pellets were kept at À80 C, until further processed. Sample preparation. For cell lysis, pellets were resuspended using 300 mL of 0.1% RapiGest (Waters Inc.) in 25 mmol/L ammonium bicarbonate and were subsequently sonicated 3 times for 30 seconds. The mixtures were centrifuged for 20 minutes, at 15,000 g, at 4
C, to remove any remaining debris. Protein samples were then mixed, in duplicates, in 1:1 ratio, to a total of 250 mg total protein each (125 mg from heavy-labeled and 125 mg from lightlabeled condition). The 2 combined replicates were then denaturated in a water bath for 15 minutes at 80 C, reduced with 10 nmol/L dithiothreitol (Sigma-Aldrich) for 10 minutes at 70 C, alkylated with 20 nmol/L iodoacetamide (Sigma-Aldrich) for 60 minutes and were trypsin-digested (Promega) at a ratio of 1:50 (trypsin:protein concentration) for 8 hours. The resulting tryptic peptides were reconstituted in 120 mL of 0.26 mol/L formic acid, in 10% acetonitrile (mobile phase A).
Peptide fractionation/separation and mass spectrometry. Tryptic peptide-containing samples were subjected to strong cation exchange chromatography (SCX) using the Agilent 1100 system before LC-MS/MS, as previously described (14) . Each fraction was run with a 55-minute gradient and eluted peptides were subjected to one full mass spectrometry (MS) scan (450-1450 m/z) in the Orbitrap at 60,000 resolution, followed by 6 datadependent MS/MS scans in the linear ion trap (LTQ Orbitrap).
Protein identification and data analysis. Raw files from our DMSO and digitoxin-treated datasets were uploaded into MaxQuant21 version 1.1.1.25 (15) and searched with the Andromeda22 software against the nonredundant IPI. Human v.3.54 database, as previously described (16) . Arg(þ6) and Lys(þ8) were set as heavy labeled with a maximum of 3 labeled amino acids per peptide. During the search, the IPI Human Fasta database was randomized and searched with a false-positive rate of 1% at the peptide and protein levels.
Ingenuity Pathway Analysis. Pathway analysis was done using the Ingenuity Pathway Analysis Software (Ingenuity Systems; IPA; http://www.ingenuity.com/; ref. 17).
Results
Characterization of the cytotoxic potency of 9 cardiac glycosides against a panel of 6 pancreatic cancer cell lines
Cardiac glycosides have been shown to induce apoptosis in tumor cells but not in primary cells such as peripheral blood mononuclear cells (PBMC) and neutrophils (3). Numerous studies have recently described potent cytotoxic and antiproliferative effects of cardiac glycosides in several cancer cell lines, including breast, prostate, melanoma, lung, leukemia, neuroblastoma and renal cancer (1) . Thus, as a first step, we characterized the cytotoxic effects of nine commonly used cardiac glycosides against a panel of six pancreatic cancer cell lines. To estimate the IC 50 (dose that confers 50% cell death) of each drug, cells were treated in a 96-well format with ten different doses of each drug (ranging from 1 nmol/L to 1 mmol/L) and cell viability was measured by Alamar Blue 48 hours after drug exposure (Fig. 1) . As illustrated, these compounds exhibited striking differences in their cytotoxic potential, despite their high structural similarities. Ranking of the cardiac glycosides in order of decreased potency is: peruvoside (23 nmol/L), bufalin (46 nmol/L), proscillaridin A (62 nmol/L), convallatoxin (66 nmol/L), digitoxin (124 nmol/L), ouabain (212 nmol/L), digoxin (344 nmol/L), digitoxigenin (645 nmol/L; values in brackets represent the mean IC 50 of each drug in all 6 cell lines). In all cell lines, peruvoside, proscillaridin A, bufalin, and convallatoxin appeared as the most potent members of the cardiac glycoside family, followed by digitoxin, ouabain, and digoxin. In agreement with previous reports, we also identified the aglycone digitoxigenin as the least potent member of our candidates, highlighting a potentially important role of the sugar moiety for the activity of these drugs.
Characterization of cardiac glycoside-induced cell death
Next, we asked whether this reduced viability observed by Alamar Blue assays was a result of acute cell injury (necrosis) or an intracellular cell-death program (apoptosis). To test this, BxPC3, PANC-1, and MiaPaca-2 cells were treated with increasing doses of digitoxin or peruvoside (1 nmol/L to 1 mmol/L) and lactate dehydrogenase was measured as a marker of necrosis at 6, 12, 24, and 48-hour posttreatment. Despite the fact that no necrosis was observed at doses up to 200 nmol/L with both drug treatments, even after 48 hours, Alamar Blue and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays revealed reduced cell viability in that dose range, suggesting possible induction of programmed cell death mechanisms, instead of necrosis (data not shown). Furthermore, Annexin-V FACS analysis revealed severe (>95%) apoptosis, induced at 24 hours and 48 hours after treatment with 50 nmol/L and 100 nmol/L of both drugs ( Fig. 2A) . Moreover, pretreatment of cells (4 hours before drug treatment) with 200 mmol/L of the general peptide caspase inhibitor (Z-VAD-FMK) totally rescued cells from digitoxin-induced cell death, additionally suggesting a caspase-dependent apoptotic mechanism (data not shown).
Furthermore, to gain additional time-course evidence on the cytotoxic potential of these drugs, we conducted a series of experiments to identify the time frame between cardiac glycoside treatment and induction of cell death.
BxPC-3 cancer cells were subjected to peruvoside (50 nmol/L) and digitoxin (100 nmol/L) treatment and cell viability was measured (Alamar Blue) at 16, 24, 30, 40, and 48 hous after treatment. We noticed that as early as 16-hour posttreatment, most of the cells were not alive ( Supplementary Fig. S1 ) and therefore, we opted a more sensitive cell death assay (xCelligence assay), to capture the onset of the cardiac glycoside-induced cell death. The xCelligence system allows a real-time monitoring of cell viability upon drug addition (Fig. 1C) and we found out that in all cell lines tested (BxPC-3, Mia-PACA-2, and Panc-1) cell death phenotypes start 4-hour posttreatment with increasing doses of either peruvoside or digitoxin (Fig. 1D) . These findings imply a very rapid cytotoxic effect of cardiac glycosides on the tested cancer cell lines. Furthermore, cells were treated with 8 different doses (ranging from 1 nmol/L to 1 mmol/L) of digitoxin, digoxin, peruvoside, and gemcitabine (a very common chemotherapeutic drug for pancreatic cancer) and the built-in xCelligence software package was used to estimate the half maximum effect concentrations IC 50s of all 3 cardiac glycosides (and gemcitabine) against these 3 cell lines (Table 2 and Fig. 2F) . Interestingly, the estimated IC 50 values derived from the real-time monitoring xCelligence system closely correlated the IC 50s derived from the single-point Alamar Blue viability test.
Digitoxin activates proapoptotic pathways via the Na-K-ATPase-mediated signal transduction circuitry
The last decade, pioneering work by Xie and colleagues revealed that the Na-K-ATPase, apart from being an ion pump, is also the core member of a multiunit functional signalosome that upon cardiac steroid-binding transmits proliferative signals to the nucleus of normal cardiac myocytes. Binding of cardiac glycosides to the a-subunit of the sodium pump, allosteric activation of Src kinase, transactivation of the epidermal growth factor receptor (EGFR) and downstream activation of the Ras-dependent pathways have been shown to be important events for the transmission of the proproliferative signals in normal cardiac myocytes, smooth muscle cells, and endothelial cells (18) (19) (20) .
To investigate whether the same pathways govern cardiac glycoside cytotoxic action in cancer cells, we pretreated BxPC3 cells with a chemical kinome library 12 hours before addition of a lethal IC 90 /dose of digitoxin (500 nmol/L; Fig. 3A) . In this screening, we decided to focus on digitoxin (Fig. 3B) , because it is an Food and Drug Administration-approved drug and we hypothesized that preblocking of key kinases, might interfere with the efficiency of digitoxin to transmit apoptotic signals. On grounds of network redundancy (cell tries to compensate by activating alternative signaling modules), we would not expect a total rescuing effect. First, kinase inhibitors that conferred more than 30% cell death when administered alone were excluded from further investigations (5/320), because their high potency could mask a potential synergistic or antagonistic effect with digitoxin. Next, we set an arbitrary threshold at 50% cell viability and defined as potential digitoxin-associated kinases, those kinases the inhibition of which significantly reduced the cytotoxic effect of a potent dose of digitoxin (IC 90 ). The whole experiment was done in duplicate. Despite the fact that the large majority of kinase inhibitors ($75%) had none or minimal effects on digitoxin cytotoxicity, there were 14/320 kinase inhibitors identified, that significantly rescued cells from digitoxin induced apoptosis (Fig. 3C and Supplementary  Table 1 ). Interestingly, 12 of these 14 kinase inhibitors target kinases that are key members of the Na-K-ATPasemediated signal transduction circuitry through which cardiac glycosides have been shown to transmit proproliferative signals to normal cells. In particular, within our hit list there were 4 different inhibitors of the Mitogenactivated protein kinase (MEK), 3 inhibitors of the EGFR, 4 inhibitors of the protein-kinase C and 1 inhibitor of the Src tyrosine kinase. Moreover, butyrolactone-I and roscovitine, 2 Cdk5 kinase inhibitors, were previously found to prevent cardiac glycoside-induced cell death in cancer cell lines (21) . Our results, not only validate this finding, but also imply that additional members of the cdk family play a major role as downstream mediators of cardiac glycoside-triggered apoptosis. Overall, this is the first report to provide systematic evidence that cardiac glycosides at higher doses might induce apoptosis in cancer cells through the same pathways that induce proliferation in nontransformed cells. Increased expression of the sodium pump subunits by cancer cells might account for this differential effect of these drugs between cancer and normal cells (22) (23) (24) . Further studies are necessary to fully elucidate the exact involvement of these particular kinases in the molecular mechanism of cardiac glycoside action. mation could provide valuable insights in responsible pathways for the observed phenotypes upon cardiac glycoside administration. In view of emerging powerful quantitative proteomic approaches, we delineated cardiac glycoside-associated proteome alterations. We used SILAC coupled to mass-spectrometry, to study largescale proteome dynamic changes induced by a clinically relevant concentration of digitoxin (30 nmol/L) in BxPC3 pancreatic cancer cells. Two experimental conditions (with 2 biological replicates each) were used in our study, a control group (no digitoxin) and a digitoxin-treated group. In the former, both heavy and light labeled cells were left untreated, whereas in the second group only heavy labeled cells were treated with 30 nmol/L digitoxin (light labeled cells were mock treated with DMSO; Fig. 4A ). In both cases, protein samples were mixed in 1:1 heavy/light ratio (w/w) before MS analysis. Protein quantification was based on the differential intensities of the peaks of the precursor ions of heavy versus light peptides. As expected, the great majority of proteins in our control experiments were identified with a heavy/light ratio close to 1 (Supplementary Fig. S3 ). It should be noted that the control experiments provided adequate normalization for the actual digitoxin group experiments by filtering out changes that were not associated to digitoxin treatment. To this extend, we were able to identify 1,932 and 2,132 proteins in the 2 digitoxin-treated biological replicates, of which 1,409 and 1,604 could be respectively quantified. The mean distribution of digitoxin-induced protein alterations is shown in Fig. 4B . In total, 27 proteins were identified whose mean expression was significantly altered (P < 0.05) upon digitoxin treatment in both replicates (of which 10 were upregulated and 17 were downregulated; Table 1 and Fig. 4C ).
Quantitative proteomic analysis (SILAC) reveals perturbation of interferon-regulated pathways in
Pathway analysis
To achieve a higher-resolution molecular insight of the digitoxin-regulated proteome network in cancer cells, we analyzed the differentially expressed proteins, obtained with SILAC approach, with the Ingenuity Pathways Knowledge Software (Ingenuity Systems; IPA) and explored enrichment of canonical pathways. We identified 10 canonical pathways surpassing the statistical threshold upon treatment of cancer cells with a physiologically relevant dose of digitoxin (30 nmol/L), among which GLS  EPHA2  SLC2A1  WFDC2  MPZL2  SLC38A2  NMES1  AKR1B10  FTH1  CLPTM1  AKR1C2  BGP  PCK2  TRIM28  RAD21  MCM6  MCM3  HIST1H1C  NUCB1  H1FX  IRF2BP2  EBNA1BP2  STMN1  ITGA3  UBE2L6  IFIT1  MX2  IFIT3  RSL1D1 Control experiment Digitoxin experiment (Fig. 5A) . Interestingly, these 2 pathways were followed by certain metabolism-related pathways, such as glutamate, nitrogen, D-glutamine, D-glutamate, and pyruvate metabolism, further denoting that cardiac glycosides could disturb major metabolic and energyproducing processes. Our findings add further support to the recent hypothesis that digitoxin selectively targets cancer cells through inhibition of glycolysis (5). We further organized the cardiac glycoside-regulated proteome into distinct interaction networks, through the IPA software, to predict how digitoxin treatment might influence the crosstalk among proteins that interact with each other. We identified one major network (Fig. 5B) in which  IFN-alpha (IFN-a) and IFN-beta (IFN-b) , as well as other members of the IFN-family were found to nucleate clusters of protein interactions. These proteins may act as organizational hubs, proteins that regulate multiple protein-protein interactions and networks downstream of digitoxin action. Conclusively, pathway analysis (canonical enrichment and network analysis) depicted interferon signaling as a potent mediator of cellular changes upon cg treatment; this observation is in concordance with the very recent findings, showing that cardiac glycosides are potent inhibitors of IFN-b gene expression, implicating potential benefits for the use of these drugs for the treatment of inflammatory and auto- 
Discussion
Cardiac glycosides represent a class of naturally derived compounds that have been in clinical use for centuries. Members of this family (digoxin, digitoxin) have been used for the treatment of heart failure and atrial arrhythmia, and the mechanism of their positive inotropic effects is well characterized (1) . Epidemiologic studies describing improved outcomes of breast cancer patients receiving cardiac glycosides and a lower risk for leukemia, kidney, and urinary tract cancer, triggered new interest in the therapeutic roles of these compounds against neoplastic diseases (26) .
In vitro studies have shown that cardiac glycosides, at low doses, can preferentially induce cell death to cancer cells, compared with their nonmalignant counterparts. Recent findings that cancer biopsies express much higher levels of different sodium pump subunits might provide a rational basis for this increased sensitivity of cancer cells to the effects of these drugs. Several mechanisms have been proposed by us and others, to account for their cytotoxic action, including inhibition of HIF-1 synthesis (27) , downregulation of c-MYC (28), inhibition of topoisomerase II (29) , upregulation of death receptors DR4 and DR5 (30) , increased expression of ROS (31), alterations in membrane fluidity (32) and anoikis induction (33) . Moreover, Wang and colleagues, recently showed that digoxin and other cardiac glycosides inhibit p53 synthesis by a mechanism relieved by Sarcoma kinase (Src kinase) or mitogen-activated protein kinase (MAPK) inhibition, highlighting a potential benefit for the use of these drugs in human cancers with a gain of function p53 mutation (34) .
In this report, we showed that cardiac glycosides induce caspase-dependent apoptosis in a panel of cancer cell lines in vitro. Of clinical importance would be the understanding of why different cell lines respond differently to these drugs. It has been recently proposed, that the differential sensitivities of cancer cells to cardiac glycosides might be explained by their intrinsic differences in the relative expression of sodium pump subunits. Indeed, the relative a3/a1 sodium pump subunit expression has been shown to correlate with the sensitivity of each cell line to the cytotoxic effects of these drugs (35) . Future establishment of clear correlations between different Naþ-Kþ-ATPase isoform expression patterns and their sensitivities to cardiac glycosides might provide a more targeted direction to the potential anti-cancer effects of these compounds.
It is now well shown that the sodium pump, apart from its established role in regulating ion homeostasis, is a versatile signal transducer that acts as a scaffold molecule for the formation of a multicore signalosome complex located in the caveolae of most cells (36) . Binding of cardiac steroids to the sodium pump and concomitant activation of that signalosome activates multiple downstream signaling pathways leading to either apoptosis or cell growth, in a cell type-specific manner. To investigate, in a nonbiased way, the kinases that are important for the cytotoxic action of cardiac steroids in cancer cells, we used a targeted functional screening approach and our identified candidates constitute established members of that signalosome (EGFR, Src, MEK1 and MEK2, and Rho-kinases). Although the mechanism is not fully elucidated, our findings are in concordance with the notion that activation of Src and MAPK signaling pathways are the main mediators of the cytotoxic action of cardiac glycosides.
Despite the great phenotypic success of cardiac glycosides in mouse models of cancer progression (that paved the way for entrance of these compounds to clinical trials), the extent to which these findings could be translated to humans is rather questionable (37, 38) . Mice are inherently much more tolerant to the cardiotoxic effects of cardiac glycosides and therefore they represent a poor toxicity model for the study of cardiac glycosides. Indeed, the alpha chain of the murine sodium pump is approximately 1,000 times less sensitive for cardiac glycosides than its human orthologue and therefore, rodents can tolerate much higher levels of cardiac glycosides compared with humans (39) . This is the first study in which the effects of a physiologically relevant (and nontoxic) dose of digitoxin in pancreatic cancer cells were analyzed with quantitative proteomics. We identified that at physiologic doses, cardiac glycosides cause a significant downregulation of the expression of many interferoninduced proteins, a finding which coincides with a recent study of the Maniatis group in which cardiac glycosides were identified as potent inhibitors of IFN-b gene expression and implicated a potential therapeutic use of these drugs for the treatment of IFN-related diseases, such as the autoimmune disease systemic lupus erythematosus. In parallel, a significant upregulation of many members of the aldo-keto reductase (AKR) family was noticed. Among others, AKR proteins (e.g., AKR1B10) are wellestablished antioxidant and cytoprotective proteins. A possible scenario could be that digitoxin-induced ROS production and concomitant redox cell stress might result in the upregulation of these proteins, in which case AKRs might represent another good target for combination therapy with digitoxin. Finally, the increase in the expression of sodium-regulated proteins (sodium-coupled neutral amino acid transporter 2), could be the direct result of the intracellular increase of Na þ concentration following blockage of the sodium pump by cardiac glycosides.
Overall, this study shows a proteomic and kinomebased snapshot of molecular events downstream of digitoxin action in pancreatic cancer cells. This highthroughput approach has validated and brought together promising candidate pathways and key signaling molecules associated with digitoxin action. Most importantly, novel key molecules have been identified (e.g., IFN and IFN-regulated pathways) that might help us understand further the emerging pleiotropic mechanism of these drugs.
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